Abstract: This study attempts to develop a recyclable, high strength, ecological soil material that does not consist of cement and is unpolluted, named high-strength ecological soil material ͑HSESM͒. The production of HSESM involves calcinating soil minerals to very high temperatures, adding active minerals, using concentrated alkali to disintegrate silicate and aluminate monomers, and, using Na 2 SiO 4 to repolymerize the soil material to a polymer that resembles the structure of zeolite. The results of the study show that the 28-day compressive strength of high strength ecological soil material exceeds 20 MPa, with flexural strength in the order of 10% of the compressive strength. The permeability of this material is categorized as moderate level according to ASTM C 1202-97. Discarded HSESM can be reverted back to powder using jaw crushers and mechanical grinding facilities. Through the four steps described previously, the recycled HSESM can be reused again.
Introduction
Facing pressures from population growth, diminishing resources, and a deteriorating environment in the 21st century, humans need to urgently search for an effective ecological material to help balance the relationship between exploitation of natural resources and the living environment; a material that does not create waste to natural resources and yet contributes to the protection of the environment. The production of traditional cementitious materials is causing further deterioration of the environment. This has urged humans to actively develop a new type of ecological material that is low in energy and material consumption and is recyclable.
Geopolymeric cement is a new type of alkali-activated binding material that is different from conventional portland cement. It is an inorganic polymer that consists of organic polymeric structures. The basic structure is aluminosilicate tetrahedra linked mainly by ionic and covalent bonds, and supplemented by van der Waals bonds. This structure is the reason for the unique performance of the material ͑Davidovits 1991, 2002a,b͒. The concept of geopolymer was proposed by the French scientist Davidovits ͑1991͒. This new type of binding material is derived from the dissolution of metakaolin in an alkaline medium, disintegration into monomers and polymerization of the monomers to a new structural arrangement. Three types of crystalline structures are identified according to the molecular structure of the geopolymer ͑Davidovits 1999, 2002a,b͒:
The polymerization process involves a chemical reaction under highly alkaline conditions on Al-Si minerals, yielding polymeric Si-O-Al-O bonds, as described by
where Mϭalkaline element; the dash indicates the presence of a bond; z= 1, 2, or 3; and n= degree of polymerization. The chemical composition of geopolymer materials is similar to zeolite, but they possessed an amorphous microstructure ͑Davidovits 1999; Lee et al. 2004; Collins et al.; Hardjito et al. 2004͒ . Based on the successful development of polymeric binder by Davidovits, the writers tried to develop a high-strength ecological soil material ͑HSESM͒ based on normal clayey soils. The Al 2 O 3 content of ordinary clay minerals in Taiwan is in the range of 10-16%. This study attempts to add fly ash or slag powder to calcined clay minerals to increase the Al 2 O 3 content. The effectiveness of this approach to developing a high strength ecological soil material is the focus of this study.
Clay minerals are first calcined to 700°C for 4 h to produce amorphous Si-Al materials. Then, either fly ash or slag powder, sodium silicate, and water are added to produce HSESM. The mechanical properties of HSESM are identified by their compressive and flexural strengths at 7, 28, and 90 days. The permeability of the material is considered by evaluating its resistance to penetration of chloride ions according to ASTM C 1202-97 ͑1997͒. Finally, the test specimens for each age are mechanically broken down using a jaw crusher and milled to powder, which is high in Al 2 O 3 and SiO 2 content. The above-described process of producing HSESM is repeated to demonstrate the recyclable use of HSESM. 
Experimental Procedure

Materials
Active Si-Al derived from clay calcined at 700°C for 4 h is used as a base material. Fly ash and slag powder are added to increase the SiO 2 and Al 2 O 3 content. The chemical compositions of fly ash, slag powder, and clay material before and after calcinating are given in Table 1 .
High-Strength Ecological Soil Material Mixtures and Production
A total of five HSESM mixtures and four recycled HSESM mixtures were established for this research ͑Table 2͒. Four main steps are necessary to produce HSESM. The first step is to obtain a certain reactivity of clay minerals through a thermal activation process. By calcinating the clay minerals to a temperature of 700°C, clay minerals are dehydroxylated, resulting in an unstable and near amorphous state of the soil. The second step is to increase the SiO 2 and Al 2 O 3 of calcined clay by the addition of fly ash or slag powder. The third step involves disintegrating the solid network in an alkali hydroxide medium to produce reactable silicate and aliminate monomers. In the fourth step, silicate and aluminate monomers are condensed to a stable polymer network, forming HSESM. The production of HSESM is given in a schematic diagram shown in Fig. 1 .
Casting and Curing of Test Specimens
For each mix of HSESM ͑from HS-1 to HS-5͒ and recycled HSESM ͑from RS-1 to RS-4͒, a total of 16 test cylinders ͑100 ϫ 200 mm͒ and 8 flexural beam specimens ͑76.2ϫ 76.2 ϫ 285.8 mm͒ were prepared; a total of 144 test cylinders and 72 beams were cast for this study. After casting, test specimens were covered with plastic sheets and left in the casting room for 72 h at a temperature of about 23°C. Then, the molds of the specimens were then stripped and the specimens placed into a 100% relative humidity ͑RH͒ moist curing room at 23± 1.7°C until the time of test.
Compressive Strength Tests
Test cylinders were removed from the moist curing room at various ages of testing ͑7, 28, and 90 days͒. The 100ϫ 200 mm test cylinders were tested in accordance with ASTM C 39-04 ͑2004͒ at each test age to determine the compressive strengths. For the 7-day compressive strength tests, two cylinders were tested and the average of the strength results was calculated as the test result. 
Electrical Indication of HSESM Ability to Resist Chloride Ion Penetration
Six cylindrical test specimens ͑100ϫ 50 mm͒ were prepared from two 100ϫ 200 mm cylindrical specimens at the age of 7, 28, and 90 days. The amount of electrical current passing through 50 mm thick slices of 100 nominal diameter cylinders during a 6-h period was monitored according to ASTM C 1202-97 ͑1997͒. A potential difference of 60 V direct current was maintained across the ends of the specimens, where one end is immersed in a 3% sodium chloride solution, whereas the other is in a 0.3 N sodium hydroxide solution ͑see Fig. 2͒ . 
Recycling of the HSESM
The discarded test specimens ͑from HS-1 to HS-5͒ after conducting compressive and flexural strengths tests were reused. The specimens were first crushed and milled to reduce the powder particle size of less than 0.15 mm. A schematic diagram showing the recycling process of HSESM is presented in Fig. 3 . The mix proportions and properties of recycled HSESM are summarized in Tables 1-3 , and plotted in Figs. 4-6.
Porosity Test
Six cylindrical test specimens ͑100ϫ 50 mm͒ were prepared from two 100ϫ 200 mm cylindrical specimens at the age of 90 days. These six specimens were placed into an oven and dried at a temperature of 100±5°C to determine the dry weight W dry . Then, the specimens were placed in a water tank filled with distilled water for 24 h to determine the immersed saturated weight W wat . Next, the specimens were removed from the water tank, their surfaces dried using a dry cloth and left in atmosphere for 0.5 h before determining its dry saturated weight W sat . The porosity of the specimens were calculated as per
where P = porosity ͑%͒; W sat ϭweight in air of saturated sample; W wat ϭweight in water of saturated sample; W dry ϭweight of ovendried sample. Table 3 outlines the slump, slump flow, unconfined compressive strength and flexural strength test results for each age of HSESM. Fig. 4 shows the development of compressive strength for each mix against the age of curing. From Fig. 4 , it can be seen that the 7-day compressive strength of HSESM is about 80% of that of 28-day strength. The development of strength after 28 days has stabilized. Also from Fig. 4 , one can clearly see that Mix Number HS-5, which used only calcined clay, has very low strength due to its low Al 2 O 3 content. Fig. 5 shows the development of flexural strength for each mix against the age of curing. Also from Fig. 5 , one can see that the flexural strength of HSESM is in the region of 10% to that of compressive strength.
Results and Discussion
Compressive Strength and Flexural Strength Test Results
Chloride Permeability Characteristics Test Results
According to the classification of permeability characteristics in concrete by Feldman et al. ͑1994͒, the level of resistance to permeation in traditional concrete is high when water/cement ͑w / c͒ Ͼ 0.6; the level of resistance is moderate when w / c = 0.4-0.6; and, the level of resistance is low when w / c Ͻ 0.4. Fig. 6 shows the relationships between charge passing through the specimens and their ages for each HSESM mix. With reference to the levels of resistance to chloride ion penetration as specified in ASTM C 1202-97 ͑1997͒ ͑Table 4͒, it can be determined from Fig. 6 that the level of resistance to chloride ion penetration for HSESM is of moderate level.
Performance of Recycled HSESM
From Figs. 4 and 5, the compressive and flexural strengths of recycled HSESM mixes ͑from RS-1 to RS-4͒ are significantly higher than the basic mixes ͑from HS-1 to HS-4͒. This is due to recycled HSESM mixes containing higher contents of Al 2 O 3 than original clay materials. Fig. 6 shows that the resistance to chloride ion penetration of recycled HSESM mixes ͑from RS-1 to RS-4͒ similar to that of basic mixes ͑from HS-1 to HS-4͒, both falling within the moderate level. This may perhaps be due to the polymerization characteristics of HSESM, which did not seem to have increased the level of resistance to chloride penetration from an increased Al 2 O 3 content.
Porosity Test Results
Table 5 presents the porosity, dry density, and saturated density for each HSESM mix calculated from Eq. ͑2͒. From this table, it can be seen that the porosity of HSESM is in the range of 30-40%, dry density in the region of 1.56-1.65 g / cm 3 , and saturated density in the region of 1.76-1.94 g / cm 3 . Hence, HSESM is a porous light weight material, which is highly related to its similarity to zeolite structures. 
Conclusions
This study explored the production process and mechanical properties of high strength soil materials. Scrapped HSESM has also been successfully recycled to produce HSESM again. From the results presented and discussed, the following conclusions can be drawn.
1. The production of HSESM involves dehydroxylating soil minerals by calcinating them. Then adding active minerals and dissolving calcined soil in NaOH, soil and active minerals are disintegrated into silicate and aluminate monomers. The last step involves using Na 2 SiO 4 to polymerize the monomers to a form HSESM which has a structure similar to that of zeolite. 2. The 7-day compressive strength of HSESM is in the order of 80% to that of 28-day strength. Strength development after 28 days is stabilized. The flexural strength of HSESM is approximately 10% of its compressive strength. 3. Using ASTM C 1202-97 ͑1997͒ to evaluate the ability of HSESM resistance to chloride ion penetration, the level of resistance is moderate. 4. Scrapped HSESM can be crushed using jaw crusher and milled to a powder. Through the four production steps of HSESM, the milled HSESM can be reused completely, thus forming a 100% recyclable material which does not create problems for the environment. 5. The porosity of HSESM is 30-40%, dry density between 1.56 and 1.65 g / cm 3 , and saturated density between 1.76 and 1.94 g / cm 3 , which can be characterized as a lightweight porous material.
Notation
The following symbols are used in this paper: P ϭ porosity ͑%͒; W dry ϭ weight of oven-dried sample; W sat ϭ weight in air of saturated sample; and W wat ϭ weight in water of saturated sample. 
